We propose a chip-based optical buffer that is continuously tunable by microelectromechanical actuation. The device consists of two identical semiconductor waveguides with a mechanically variable gap in-between, allowing for a change of group delay of over 100% and for extremely broadband operation.
INTRODUCTION
The flexibility to store data in an optical format without the need for optical-electronic-optical conversion has a lot of potential for high speed optical communications and optical information processing, e.g. in packetswitched optical networks, and in optical processing on computer chips. Despite a range of efforts so far, however, a convenient and practical implementation of a tunable optical buffer still appears to be some distance away.
Fixed length optical delay lines are perhaps the most obvious approach [1] , but they suffer from the inflexibility of having a fixed and predetermined data storage time in the resulting optical buffer. This limitation can be somewhat mitigated by using a delay line within a circulating loop, thus reducing the fixed restriction to delays of integer multiples of the single loop delay [1, 2] . Further flexibility can be gained by switching between a range of different delay lines, but at the cost of increasingly bulky and complex devices.
Optical ring resonators are frequently employed for a compact solution [3] , although such optical buffers are necessarily limited in operating bandwidth, due to their inherent trade-off between the delay time of the light spent circulating in the resonator and the resulting spectral bandwidth. Similarly, slow light buffers based on electromagnetically induced transparency (EIT) [4] provide large delays over a very narrow bandwidth only.
Here, we propose a different approach to achieve optical buffering, based on mechanically modifying the geometry of a dual-waveguide structure, which allows for a continuous change of the time delay by more than 100% [5] .
DEVICE DESIGN AND OPERATION
A schematic of our proposed optical buffer is shown in Fig. 1 . Two parallel identical silicon waveguides of width w and height h are mounted in air and are separated by a distance d. The separation can be varied continuously by mechanically moving one or both of the waveguides. This actuation can be achieved by standard MEMS techniques, e.g. electrostatic actuators [6] . Note that the pillars required for supporting the two waveguides as well as the electrodes required for the MEMS action are omitted for clarity in Fig. 1 .
Figure 1. Schematic of the proposed dual-waveguide optical buffer.
For large separation d, each waveguide supports a single optical mode with quasi-TE polarization, i.e., with polarization predominantly in the y-direction. The modes of the dual-waveguide structure are simply given by the symmetric and antisymmetric (around the plane x = 0) superpositions of the individual modes. Moving the two waveguides together, the two individual modes become coupled through their evanescent fields, which modify the dispersion properties and thus the group delay of the superposition modes. In the limit of small d, the antisymmetric mode reaches cut-off, whereas the symmetric mode converges towards the fundamental mode of the larger waveguide (width 2w, height h) formed by completely joining the two individual waveguides. In the following, we focus on this symmetric TE mode and investigate its properties numerically. The simulations are performed using a fully vectorial FEM solver (COMSOL Multiphysics®) and assuming a refractive index of silicon of 3.4 and waveguide dimensions of h = 300 nm, w = 140 nm, comparable to previously fabricated silicon waveguides [3] . For these parameters, the behavior of the dual-waveguide symmetric TE mode is shown in Fig. 2 , clearly demonstrating the transition from one tightly confined mode in the case of vanishing or small separation to a double-peaked mode with a significant fraction of power propagating in air for large separation. Consequently, the effective index of the mode, inversely proportional to the phase velocity, can be tuned continuously over a certain range between the refractive index of silicon (n = 3.4) and that of air (n = 1.0). This is shown more clearly in Fig. 3(a) which depicts the phase velocity versus d.
(a) (b) Figure 3 
. (a) Phase velocity and (b) group velocity of the device versus waveguide separation d.
Parameters as in Fig. 2 .
For the optical buffer functionality of the device, we are concerned with the behaviour and the tunability of the group velocity, which is inversely proportional to the time delay of optical pulses. The group velocity behaviour is shown in Fig. 3(b) . We note that the group delay can be varied continuously through varying the waveguide separation d, by as much as a factor of three, with most of the change occurring within the first 500 nm of separation. With such a large controllable delay change, incorporating the device within a circulating loop would enable optical buffering for any arbitrary time. It is also worth emphasizing that the proposed buffer design is intrinsically broadband, in contrast to, in particular, resonator and EIT based optical buffers, with > 100% tunability over the entire wavelength range from 1500 nm to 1600 nm. However, there is a significant variation of the exact time delay for a fixed waveguide separation within this wavelength range. This is related to the group velocity dispersion D of the device, as shown more clearly in Fig. 4 as a function of the separation d.
In fact, dispersion turns out to be not insignificant, D~ 10 4 ps/nm/km. Note, however, that this is equivalent to a few ps/nm for 1 ns of propagation time (approximately 10 cm distance) which is very small compared with resonator optical buffers.
Finally, we note that while the examples presented here are all based on TE-mode operation, similar performance can also be achieved with the symmetric TM mode (x-polarization in Fig. 1 ) [5] . For TM operation, the optimum waveguide dimensions to achieve a threefold change in delay time would be slightly larger (300 nm × 200 nm) which may make it slightly easier to fabricate. On the other hand, the TM polarization leads to field discontinuities at the waveguide boundaries with strong field enhancement between the two waveguides, effectively operating like a slot waveguide [7] . The optical buffer operating in the TM polarization mode would therefore be more susceptible to scattering losses from surface roughness. 
CONCLUSIONS
In conclusion, we have described the design and function of a dual-waveguide optical buffer that is continuously tunable in its propagation time delay through mechanically varying the separation between the two guides. The device would be capable of producing arbitrary time delays over the entire 1500-1600 nm wavelength range if used in a circulating loop. The proposed buffer can be implemented in either silicon or III-V semiconductor platforms, using existing MEMS technology for the required mechanical actuation. Several practical design issues will have to be addressed, such as efficient coupling into the symmetric TE mode -likely to be achieved by a waveguide taper and a subsequent Y-junction -and maintaining low loss propagation at the contact points of the supporting structures with the optical waveguides -for which tapered designs have been shown to give losses as low as 0.02 dB per suspension bridge [8] Although the analysis here has been with silicon waveguides, similar tunable delay lines could be implemented with optical fibres comprising twin cores with an adjustable separation between them [9] . With the index of the glass in fibres typically lower than for silicon, the relative changes achievable in the propagation time delay will be less; however, with fibres ~ 100 m in length, tunable delays in the tens of ns would be feasible.
